Abstract: This work aimed at revealing the mechanism of strong strata behavior in extra-thick coal seam mining which was influenced by an overlying coal pillar (OCP). To this end, the evolution characteristics of the stress and displacement in advance coal body of the working face were studied via numerical simulation. On this basis, the mechanism of strong strata behavior in working face affected by OCP was revealed. In situ monitoring also demonstrated that, as the working face mining near to the position of OCP, severe rib spalling and roadway deformation frequently appeared. The scheme of strengthening the hydraulic supports resistance and adding anchor cables was put forward to control the surrounding rocks in the stope. As a result, the maximum deformation of the roadway height was 0.66m and could completely meet the demands for safe mining. The study on the mechanism of strong strata behavior in working face and the strengthen supporting scheme would provide a theoretical basis for similar mining conditions, thus ensure safe and efficiency coal seam mining.
Introduction
In China, the coal is the primary energy resource. Thick and extra-thick coal seams are the principal coal seams of importance due to their high production and efficiency. With a high yields and efficient extraction, the production of extremely thick coal seams account for 50% of energies. The thick and extremely thick coal seams are mainly distributed in the Shanxi, Shaanxi, Inner Mongolia, and Xinjiang regions of China, and the total reserves amount to over a trillion tons.
During the mining of thick and extremely thick coal seams, the strata behavior occurred in the working faces are generally intense due to the large coalface spaces and wide movement range in overlying rocks. Especially, when the coal seam buried deeply, the stress concentration in coal body is obvious, and the breakage of overlying strata are complex, thus result in a strong strata behavior in working face and roadway. For example, the mining of an extrathick in the Datong mining area of China (20m thickness, 500m depth), frequently lead to the crushed of supports which with a resistance of 15,000kN, also accompanied by severe deformation in the roadways [1] [2] [3] . Several research groups have carried out a great deal of researches on the forecast and control of ground pressure in coal seam mining [4] [5] [6] [7] [8] [9] . Chen et al. [4] studied the mechanism of rock burst induced by the occurrence of layer-crack plate structure in the coal wall during a deep coal seam mining. Some researchers [5] [6] [7] [8] [9] focused on the failure and movement of overlying strata induced by underground mining.
Meanwhile, the method of liberated-seam mining is regarded as an effective way to control the strong strata behavior, as it could damage the integrity of overlying strata in advance, thus reduce the stress accumulation during underlying coal seam mining [10] .
When liberated-seams are affected by the mining environment during mining process, coal pillars are retained. Due to the stress concentration in retained coal pillars, strong strata behavior would appear when underneath extremely thick coal seams mining. However, most of the traditional researches focused on the stress concentration on OCP, e.g. Poulsen et al. [11] and Singh et al. [12] [13] [14] focused on the coal pillar loads by calculating and estimating, Jaiswal et al. [15] and Mohan et al. [16] investigated the pillar strength using numerical method, Wattimena et al. [17] evaluated coal pillar stability by logistic regression. Other scholars have conducted researches that are relevant as well [18, 19] . When it comes to the ground pressure in the coal seam influenced by the OCP, only fewer studies have been carried out, e.g. Ju Jinfeng et al. [20, 21] explored the crushing mechanism acting on supports during the working face passed close to coal pillars in shallow coal seams. Yang Jingxuan et al. [22, 23] studied the stress transfer characteristics from OCP loads using theoretical analysis. Xia Binwei et al. [24] studied the strong strata behavior under the coupling effects of hard roof fracturing and OCP occurrence.
However, due to the movement of the overlying rocks during the mining process, the stress distributed in OCP changes dynamically. Therefore, the stress field around the working face influenced by OCP changes constantly. However, in Ju's study [20, 21] , the instability mechanism of strata underneath the OCP and the following phenomenon of supports crushed was analyzed completely. Nonetheless, the stress distributed in OCP and coal body in front of the working face were absented. As to Yang's study [22, 23] , only the transfer characteristics of stress distributed in coal pillars was given, so it's necessary to study the dynamic stress distribution around the OCP and working face, thus to give the mechanism of strong strata behavior in working face. In the paper, the characteristics of the stress distribution around the working face under dynamic loads from the OCP was analyzed by numerical simulation and theoretical. Finally, certain methods were used to control strong strata behavior in order to ensure safe production.
Engineering Background
The Datong mining area, which was formed by double system formation, has been gradually mined to its deep parts. seam was mined by the method of caving mining, as the mining height was 3m to 5m and caving height was 10m to 17m. The lithology and parameters of all the overlying rock are shown in Figure 1 . As the mining height of No.3-5 coal seam is huge, the strata behavior is intense and strong, the supports crushed and severe deformation in roadways occurred frequently [3] [4] [5] . 
Numerical Simulation
As the 8109 working face gradually mined near to the position of OCP, caving occurred in the overlying strata, and the stress distributed in the OCP changed correspondingly. This resulted in the dynamically changing of stress and displacement in the advanced coal body of 8109 working face.
The Simulation Model
A model was established based on the Mohr-Coulomb yield criterion in which the coal-rock masses were regarded as elastic-plastic materials using a software of Phase-2D. Phase-2D could been widely used in stressdisplacement calculation in the scope of rock-soil and engineering. The size of the model and the length of mining distance were taken as 1100 × 538 m and 140 m, respectively. The lateral boundaries were fixed in displacement at the horizontal direction, the bottom boundary was fixed in displacement at the horizontal and vertical direction, and the top boundary was set free. The buried depth of No.3-5 coal seam is 467m, no load was loaded at the top of model and gravitational stress was used in the model. As the lateral boundaries were fixed, the horizontal stress of the model was automatically calculated by Phase-2D. The in-situ stress of No.3-5 coal seam is 11.67MPa. The physical and mechanical parameters of each coal-rock layer in the model are shown in Figure 1 .
The distribution laws of the stress and displacement in advanced coal body of the working face, as well as the stress in the OCP, were recorded for every 20m during the working face mining, and the recording started when the 8109 working face was 140 m away from the OCP (Figure 2 ).
Analysis of Results

Abutment stress distribution in front of working face
The distribution of the abutment stress in front of the 8109 working face were gained when the working face gradually mined to positions of 140, 100, 60, 20, and 0 m horizontally from the OCP , as shown in Figure 3 . When the 8109 working face was 140 m away from the OCP, the stress in advance coal body increased firstly and then decreased (Figure 3a) . Due to the concentrated stress in the OCP, the stress curve rose again at 50m point which indicated that the influence range of the concentrated stress in the OCP was 90m. During the distance between the working face and OCP was within 100m, the stress in the advanced coal body increased continuously, and then stabilized after reaching a maximum value at the point 30 m inside the boundary of the OCP.
When 8109 working face was beneath the OCP (0 m from the OCP), Figure 3a shows that the position of the peak value in the advanced stress curve shifted by 24 m compared to the former four curves. This is because that the OCP was damaged in the edges and the bearing stress in the edge of the OCP significantly decreased and transferred to the deeper parts of the OCP, resulting in a shift of the peak in the advanced stress.
As the working face gradually mined to the position of OCP, the peak value of the abutment stress in advanced coal body was increased. Therefore, the change of peak value as the working face advanced from 140 to 0 m away from the OCP was explored (Figure 3b ). The peak value in front of the working face increased in a parabolic manner as the working face advancing (Figure 3b ). It rose gently when working face was 80m to 140m from the OCP, and then became more rapidly as the working face was advanced beyond the 80 m point (the advanced stress was greatly affected by the OCP here and the peak value rapidly increased from 15.65 to 17.6 MPa). Clearly, the closer the working face was to the OCP, the more seriously the surrounding rocks of the coalface were affected by the concentrated stress in the OCP. Therefore, stricter requirements were called to control the surrounding rocks of the coalface.
Displacement in front of the working face
The variation of the vertical displacement in advanced coal body was obtained when the 8109 working face was 140, 100, 60, 20, and 0 m away from the OCP, as shown in Figure 4 .
In Figure 4 , a positive value (+) on the vertical coordinate represents the situation wherein the coal body were displaced upwards (i.e. opposite to the direction of gravity) under a squeezing action, while a negative value (−) indicates downwards displacement (along the direction of gravity) under a compressive action. When the 8109 working face was 140, 100, and 60 m from the OCP, the vertical displacements were first in the '+' zone and then in the '−' zone. This is because the overlying coal seam was mined and the stress was unloaded in advance, causing the coal seams underneath the overlying goaf to be unloaded and displaced along the opposite direction of gravity under the extrusion and disturbance of the mining stress during No.3-5 coal seam mining. Furthermore, as the working face gradually mined to the position underneath the OCP, the coal body was strongly compressed and gradually the displacement changed to be in the direction of gravity at point 15 m from the OCP.
When the 8109 working face was within 20m from the OCP, the displacements in advanced coal body obviously correspond to compression ('−') and the vertical displacement of the coal body increased constantly and then stabilized. As demonstrated in Figure 4 , when the working face advanced beneath the OCP, the peak displacement of the coal body moved 25 m to the deeper part of the OCP. This is an indication that the OCP was broken and the overlying stress was being transferred to the deeper parts of the OCP.
It can be seen from Figure 4 that as the working face mined near to the OCP, the stabilized displacement in advanced coal body increased continuously from 0.065m to 0.099 m. Moreover, the working face was compressed more markedly, mainly manifested in the form of rib spalling and roadway severely deformed.
Theoretical Analysis
In order to investigate the stress dynamic changing in the OCP with the mining of the working face and to express it clearly according to the numerical simulation data, the overlying coal pillar was divided into four sections: L1, L2, L3, and L4. Of these, section L1 correspond to 0m to 43m in the mining direction, section L2 correspond to 43m to 159m, sections L3 and L4 correspond to 159m and 300m. The dynamic changing of stress in sections L1 and L2 are shown in Figure 5 .
In section L 1 (Segment I), the stress was distributed approximately trapezoidal. Two key points A and B (corresponding to x=0 and x=43 in section L1) on the oblique line segments was further analyzed. The initial stress values at points A and B were defined as q 1 and q 2 when the working face was 100m away from the OCP, respectively. The change in stress with the mining interval of the working face, ∆L, at these two points were found to obey ∆q 1 = 0.126e 0.049∆L and ∆q 2 = 0.05ln(∆L) − 0.119, respectively. Thus, the stress changing at points A and B with the mining interval of the working face were q A = q 1 − 0.126e 0.049∆L and q B = q 2 + 0.05ln(∆L) − 0.119, respectively. In section L 2 (Segment II), the loads can be approximately regarded as uniformly distributed and the average loads value was used for the stress value in this section. Similarly, as the working face mining, the uniformly distributed loads value also varied. By taking the position wherein the working face was 100 m from the OCP as a base data, and marked the uniformly distributed loads value as q 3 , the changing in stress with ∆L was found to be ∆q 3 = 0.0136e 0.044L . Therefore, the uniformly distributed loads in L 2 varied in the form q = q 3 + 0.0136 e0.044∆L .
Based on the numerical simulations, the loads changed in L 3 and L 4 of the OCP (Segment III) can be approximately considered as insignificant and were taken to be a constant value.
In order to calculate the stress at a point M(x, y) below the OCP, a model was established (Figure 6a ). According to the elastic mechanics theory, the vertical stress σy at any point M in the bottom plate was component of the vertical stress resulting from the loads of sections AB, BO, OC, and CD, as shown in equation (1), and after calculation, the expression of σy was found to be as equation (2) .
(1) For q 1−6 and L 1−4 in Eq. (2), according to the numerical simulations, we knew that q 1−3 were functions of the mining interval ∆L, while the value of q 4−6 change only slightly and can therefore be regarded as constants. Moreover, the values of L 1−4 can be obtained from the simulation results. Regarding the data when the working face was 100m horizontally away from the OCP as a benchmark (that is, the initial values were q 1 = 29.936MPa, q 2 = 15.028MPa, and q 3 = 14.222MPa), the expressions for each loads as a function of ∆L are: 8109 working face was mined for 3.5 m and caved for 12.72 m of the top coal. Therefore, the vertical distance of 8109 working face from the OCP was y=42.57m. The horizontal distance of the working face from the OCP was 100-∆L and the horizontal coordinate of the working face was x = L 1 + L 2 + 100 − ∆L = (259.184 − ∆L) m. The relationship between the locations of the coal seams was shown in Figure 6b . Substituting the above data into Eq. (2), the relationship between the vertical stress σy in 8109 working face and ∆L was gained, as shown in Figure 6c .
As shown in Figure 6c , as the working face gradually mined near to the OCP, the vertical stress transmitted from the OCP to the working face increased. After the working face was within 45 m from the OCP, the vertical stress on the working face rose rapidly, indicated that the surrounding rock stress in the working face was strongly influenced by the OCP.
Engineering Practice
Occurrence Characteristics of Strong Strata Behavior
The 8109 working face was mined over a large thickness and therefore the overlying strata moved a large amount with a mining rate of 5m per day. As the 8109 working face gradually mined to the position near to the OCP of the 8102 working face, strong ground pressure taken placed.
To study the effects of OCP on the ground pressure occurred in the working face, the supports resistance were monitored ( Figure 7) .
From Figure 7a we can see that as the 8109 working face gradually mined near to the OCP, the strong strata behavior occurred frequently, the values and densities of the curve peaks rose on the whole. In particular, when the working face was 40m near to the OCP, high frequency and long duration of strong pressure occurred.
The working resistance of the supports were obtained within 50m from the OCP of 8109 working face. The results were then compared with those obtained from 'normal' mining sections (non-influenced by the OCP) (Figure 7b) .
From Figure 7b , we can see that the supports working resistance of the working face mainly ranged from 6000 to 15000 kN within 50 m from the OCP. For these supports, the ranges 6000 to 9000 kN and 9000 to 15000 kN accounted for 33.53% and 38.15% of the total, respectively. However, for the normal mining section, the resistance of the supports essentially lies in the range 3000 to 12000 kN and the range from 3000 to 9000 kN accounted for the maximum proportion, reaching to 69.52%, while the proportion of the resistance in the range 3000 to 6000 kN was 37.57%. Obviously, stress concentration in the OCP greatly affected the supports resistance in the working face. In addition, the surrounding rocks of the roadway were seriously deformed, which greatly limits normal production of the working face.
Moreover, in the process of 8109 working face mined near to the OCP. The support resistances were statistically analyzed. The statistical parameters from this analysis are shown in Table 1 . As shown in Table 1 , the resistance of the supports significantly increased as the working face mined near to the OCP. In the region of 0m to 60m from the OCP, the dynamic load factor of the supports ranges between 1.45 and 1.72. The safety valve of the supports opened frequently, and the opening rate was as high as 43.1%. In addition, supports crushed would occur occasionally, which seriously affected the safety of mining operations at the working face. 
Control of the Surrounding Rock in the Stope
Influenced by the OCP, the occurrence of coal walls spalling and deformation of surrounding rocks in the roadways were severe. Through an appropriate adjustment of supports working condition, the rib spalling in the working face could been effectively controlled, and the control of the deformation in the roadways was significant. In the range 80m from the OCP, another five rows of single columns were added in the supporting system of roadways. As shown in Figure 8 , the supports marked in blue color represents the additional reinforcement. The column and row spacing of the single columns were 1.2 m and 1 m, and the row spacing of the anchor cables were 2400×2000mm. The anchoring force of cables were no less than 19t. The OCP corresponded to the position of 960 m from the open-off cut of the 8109 working face. In order to measure the roadway deformation, six measurement points were set up at the position of 895, 915, 935, 960, 980, and 1000m along the roadway (Figure 9a ). In the range between where the working face was 132 m (March 9th) to 10 m (April 1st) away from the OCP, the height variation of the roadway at each point is shown in Figure 9 (b). It can be seen from Figure 9 (b) that the height variation at the 895 m point was maximal and the maximum change in the height were 0.66m. When the 8109 working face mined to this monitoring point, the height of the roadway were 2.95 m, which meeting the needs of safe mining in the working face.
To demonstrate the effectiveness of the proposed solution, we compared the roadway deformation in an adjacent similar 8216 working face where an OCP was left at a vertical distance of 30m. The support parameters in the roadway were same as 8109 working face (as shown in Figure 8 without reinforced supports which marked in blue). The process of roadway deformation is shown in Figure 10 . As shown in Figure 10 , when the working face was 80m from the OCP, the roadway roof was intact. As the working face mined to the distance of 50m to the OCP, roof collapsing occurred and when the working face was 20m from the OCP, the roof collapsed severely. As influenced by the concentration stress of OCP, the wood support was crushed when the working face mined to the position of OCP. Compared to the roadway deformation of 8109 working face showed in Figure 8 and Figure 9 , it was obvious that the support scheme in 8109 roadway was effective and could fully guarantee the safety mining of working face.
Conclusions
1. Numerical simulations indicated that the influence range of the concentrated stress in the OCP reached 90m, and the evolution characteristics of the stress in OCP with the advance of the working face was analyzed. Moreover, the characteristics of the stress and displacement of the coal body in front of the working face were revealed. 2. Based on the numerical simulations, a functional expression for the change of OCP stress was obtained by data fitting. Theoretical calculations were further used to determine the change in the vertical stress transmitted from the OCP to the working face. Thus, the mechanism of strong strata behavior occurrence at the working face was revealed. 3. In situ monitoring demonstrated that within the region 40m away from the OCP, strong strata behavior frequently appeared in the working face and roadways. By applying supplementary anchor-cable supports, the surrounding rocks in the roadway could be successfully reinforced and controlled. The study on the mechanism of strong strata behavior in working face and the strengthen supporting scheme provide a theoretical basis for safe and efficiency coal seam mining. The research achievements in the manuscript provides technical supports and experiences for deep coal seam safe mining in similar conditions.
